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JODVVFDSLOODULHVZKLFKZHUHPRXQWHGRQWRWKHVSLQQLQJFDSLOODU\KROGHURQWKHEHDPOLQH$Q
HQHUJ\RINH9ZDVXVHGZKLOHWKHGLIIUDFWLRQSDWWHUQVZHUHUHFRUGHGXVLQJDPXOWLDQDO\VHU
FU\VWDO0$&GHWHFWRU)XOOSDWWHUQUHILQHPHQWVRIWKH6;3'SDWWHUQVZHUHFDUULHGRXWXVLQJ
723$6>@5HVXOWVRIFU\VWDOORJUDSKLFSDUDPHWHUVDQGSKDVH IUDFWLRQVZHUHREWDLQHGE\
UHILQHPHQWVSUHVHQWHGEHORZ 
 
5HVXOWVDQG'LVFXVVLRQV 
6WUXFWXUDOFKDUDFWHULVDWLRQRI1%7[11[ FHUDPLFSRZGHUV 
$OO 1%7[11 SRZGHUV DUH IRXQG WR EH VLQJOHSKDVH SHURYVNLWHW\SH VROLG VROXWLRQV DV
FRQILUPHGE\ WKH6;3'GDWD5HSUHVHQWDWLYHGLIIUDFWLRQSHDNSURILOHVIRU1%7[11SRZGHUV
DUHSUHVHQWHGLQ)LJXUHVKRZLQJWKH^`S^`S^`SDQG^`SSHDNSURILOHVRIWKH
FRPSRVLWLRQVIRUERWKXQSROHGDQGSROHGSRZGHUV  
 
)LJXUH6HOHFWHGGLIIUDFWLRQSHDNSURILOHVRI ^`S ^`S ^`SDQG^`S IRU1%7[11
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EODFNOLQHVDQGSROHGUHGOLQHVVWDWHV 
)RUWKHXQSROHGVWDWHVLQJOHSHDNVDUHHYLGHQWIRUDOOFRPSRVLWLRQVLQGLFDWLQJDSUHGRPLQDQWO\
SVHXGRFXELFVWUXFWXUH$OORIWKHSHDNVVKLIWVWRORZHUDQJOHVZLWKLQFUHDVLQJ11FRQFHQWUDWLRQ
LQGLFDWLQJDQH[SDQVLRQRIWKHODWWLFH,QFRQWUDVWIRUWKHSROHGVWDWHSHDNVSOLWWLQJRFFXUVIRU[
 DQG[ 6SHFLILFDOO\DUKRPERKHGUDOSKDVHFKDUDFWHULVHGE\GRXEOH^ `S^ `S
^`SSHDNVDQGDVLQJOH^`SSHDNDUHLGHQWLILHGIRU1%711)RU1%711DOOIRXU
SHDNVDUHREVHUYHGWREHGRXEOHWVLQGLFDWLQJDPL[HGSKDVHRIUKRPERKHGUDODQGWHWUDJRQDO
VWUXFWXUHV7KHVHGLVWRUWHGVWUXFWXUHVDUHUHWDLQHGDIWHUUHPRYLQJWKHHOHFWULFILHOGDQGFUXVKLQJ
WKHFHUDPLFLQWRSRZGHUIRUPSULRUWRWKH6;3'PHDVXUHPHQWVLQGLFDWLQJWKHRFFXUUHQFHRI
DQLUUHYHUVLEOHHOHFWULFILHOGLQGXFHGVWUXFWXUDOWUDQVIRUPDWLRQ$VLPLODULUUHYHUVLEOHILHOGLQGXFHG
VWUXFWXUDO WUDQVIRUPDWLRQ IURP SVHXGRFXELF WR UKRPERKHGUDO ZDV REVHUYHG LQ 1%7[.1
[ VROLGVROXWLRQVZKLFKZDVDWWULEXWHGWRWKHQRQHUJRGLFUHOD[RU15SKDVH)RU
D15DSVHXGRFXELFVWUXFWXUHLVREVHUYHGIRUWKHXQSROHGVWDWHZKLFKFDQEHWUDQVIRUPHG
LQWR D PHWDVWDEOH )( UKRPERKHGUDO VWDWH XSRQ WKH DSSOLFDWLRQ RI DQ HOHFWULF ILHOG ZKLFK LV
UHWDLQHGZKHQWKHHOHFWULFILHOGLVUHGXFHGWR]HUR 
,WLVFRQFOXGHGWKDWWKHDSSOLFDWLRQRIDQHOHFWULFILHOGLUUHYHUVLEO\WUDQVIRUPVWKHSVHXGRFXELF
SKDVH LQWR D UKRPERKHGUDO VWUXFWXUH IRU ERWK 1%711 DQG 1%711 FHUDPLFV
LQGLFDWLQJWKHLU15QDWXUH,QFRQWUDVWRQO\VOLJKWSHDNVKLIWVDQGQRSHDNVSOLWWLQJDUHHYLGHQW
IRU 1%711 DQG 1%711 ZKLFK FRPSULVH D SVHXGRFXELF SKDVH EHIRUH DQG DIWHU
HOHFWULFDO SROLQJ 7KHVH REVHUYDWLRQV DUH DWWULEXWHG WR LQFUHDVLQJ GLVRUGHU GXH WR WKH
LQFRUSRUDWLRQRI11LQWRWKH1%7VROLGVROXWLRQDVUHSRUWHGLQWKHVLPLODU1%7.1V\VWHP>@  
)XOOSDWWHUQUHILQHPHQWRIWKHGLIIUDFWLRQGDWDIRU1%711DQG1%711ZDVFDUULHGRXW
XVLQJ723$6  LQ RUGHU WR REWDLQ WKH FU\VWDOORJUDSKLF SDUDPHWHUV DQG TXDQWLI\ WKH UHODWLYH
SKDVHIUDFWLRQV)RUERWKXQSROHGDQGSROHGSRZGHUVH[SHULPHQWDOGLIIUDFWLRQGDWDDUHILWWHG
XVLQJVHYHUDOVLQJOHRUPL[HGSKDVHPRGHOVVXFKDVWKHUKRPERKHGUDO5P5FPRQRFOLQLF
&FWHWUDJRQDO3EPZHDNSRODU3PPDQGFXELF ܲ݉ത͵݉7KHEHVWILWVIRU1%711DQG
1%711LQWKHXQSROHGVWDWHDUHREWDLQHGXVLQJDVLQJOHFXELFSKDVHDVVKRZQLQ)LJXUH
DE7KHH[SHULPHQWDODQGFDOFXODWHGGLIIUDFWLRQSDWWHUQVDUHSUHVHQWHGLQ)LJXUHDEZLWK
UHSUHVHQWDWLYH SHDN SURILOHV IRU ^`S ^`S DQG ^`S DQG ^`S VKRZQ DV LQVHUWV7KH
FU\VWDOORJUDSKLFSDUDPHWHUVGHWHUPLQHG IURP WKH UHILQHPHQWVDUH OLVWHG LQ7DEOHEHORZ ,Q
FRQWUDVWWKHEHVWILWIRUSROHG1%711LVREWDLQHGXVLQJDVLQJOHSKDVHUKRPERKHGUDO5F
VWUXFWXUHDVVKRZQLQ)LJFZKHUHDVIRU1%711DPL[HGSKDVHUHILQHPHQWFRPSULVLQJ
UKRPERKHGUDO5FSKDVHDQGWHWUDJRQDOZHDNSRODU3EPSKDVHLVIDYRXUHGDV
LOOXVWUDWHGLQ)LJXUHG$VLJQLILFDQWVXSHUODWWLFHGLIIUDFWLRQSHDNFRUUHVSRQGLQJWRWKH ሺଷଶ ଵଶ ଵଶሻ௣
UHIOHFWLRQRIWKH5FSKDVHLVDOVRREVHUYHGIRUERWKFRPSRVLWLRQVLQWKHSROHGVWDWH)LJXUH
FGDWDșYDOXHRIDSSUR[LPDWHO\ZKLFKLVUHODWHGWRR[\JHQRFWDKHGUDOWLOWLQJLQWKH
5F UKRPERKHGUDO SKDVH>@$GGLWLRQDOO\ ò DW ș a  DQG ò DW ș a
FRUUHVSRQGLQJWR3EPVXSHUODWWLFHSHDNVDUHREVHUYHGIRUSROHG1%711
There were no obvious changes in crystal structure for NBT-0.06NN and NBT-0.08NN, which 
yielded the best fits using a single phase Pm ത͵m structure, as shown in Figure S1-2 (supporting 
information). 
)LJXUH7KH6;3'IXOOSDWWHUQUHILQHPHQWVIRUDXQSROHG1%711EXQSROHG1%7
11FSROHG1%)11DQGGSROHG1%7117KHEODFNFLUFOHVDUHH[SHULPHQWDO
GDWD WKH UHG OLQH UHSUHVHQWV WKHFDOFXODWHG UHVXOWV IURP WKH IXOOSDWWHUQ UHILQHPHQWDQG WKH
JUHHQOLQHLVWKHGLIIHUHQFHSURILOHEHWZHHQH[SHULPHQWDODQGFDOFXODWHGGLIIUDFWLRQSDWWHUQV  
7DEOH  3KDVH IUDFWLRQV DQG FU\VWDOORJUDSKLF SDUDPHWHUV GHWHUPLQHG IURP IXOOSDWWHUQ
UHILQHPHQWVIRU1%71111DQG1%71111LQERWKXQSROHG81DQGSROHG
3VWDWHV55F&3P ത͵PDQG73EPSKDVH*2)*RRGQHVVRI)LWWLQJ 
7RIDFLOLWDWHDFRPSDULVRQEHWZHHQWKHFU\VWDOVWUXFWXUHVRIWKH1%711SRZGHUVLQWKHXQSROHG
DQGSROHGVWDWHVWKHUKRPERKHGUDOVWUXFWXUHLVWUDQVIRUPHGLQWRWKHHTXLYDOHQWSVHXGRFXELF
VHWWLQJIROORZLQJWKHPHWKRGGHVFULEHGSUHYLRXVO\>@7KHUHVXOWVREWDLQHGIRUWKHFKDQJHVLQ
ODWWLFHSDUDPHWHUDSFDQGLQWHUD[LDODQJOHĮSFDVDIXQFWLRQRIFRPSRVLWLRQIRUWKH1%7[11
VROLGVROXWLRQV\VWHPDUHLOOXVWUDWHGLQ)LJXUH)RUWKHXQSROHGVWDWHDVLQJOHSVHXGRFXELF
SKDVHLVLGHQWLILHGIRUDOOFRPSRVLWLRQVZLWK[ ZKLOHDSFLQFUHDVHGIURP
WRcZLWKLQFUHDVLQJ11FRQFHQWUDWLRQ7KHODWWHUWUHQGLVFRQVLVWHQWZLWKWKHVL]HV
RIWKHFRQVWLWXHQWLRQVZLWKWKHHVWLPDWHGHIIHFWLYHLRQLFUDGLXVRI1DcEHLQJJUHDWHU
WKDQWKDWRI%LcLQIROGFRRUGLQDWLRQDQGWKDWRI1EcEHLQJJUHDWHUWKDQ
WKDWRI7Lc LQIROGFRRUGLQDWLRQ>@'XULQJSROLQJRI1%711WKHVWUXFWXUDO
WUDQVIRUPDWLRQJHQHUDWHVDVLJQLILFDQW LQFUHDVHRIDSF IURPacWRc
DQGUHGXFWLRQRIĮSF IURPaWR)RU1%711WKHDSSOLFDWLRQRIDQ
Materials 
Phases / % Lattice parameter 
GOF 
R C T 
R C T 
a / Å c / Å a / Å  a / Å c / Å 
UN-2NN 0 100 0 N/A 3.8806(11) N/A 1.96 
UN-4NN 0 100 0 N/A 3.8825(5) N/A 1.85 
P-2NN 100 0 0 5.4825 (5) 13.5477 (11) N/A N/A 2.13 
P-4NN 52 0 48 5.4838(3) 13.5394(9) N/A 5.49654(4) 3.90308(8) 1.87 
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IRUERWKXQSROHGDQGSROHG1%7[11FHUDPLFSRZGHUV7KHXQFHUWDLQW\LQODWWLFHSDUDPHWHUVLI
QRWVKRZQOLHVZLWKLQWKHVL]HRIWKHGDWDSRLQW 
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XQGHUDQ$&HOHFWULFILHOGRIN9PPDUHGLVSOD\HGLQ)LJXUHDG7\SLFDO)(VZLWFKLQJ
EHKDYLRXULVREVHUYHGIRUERWK1%711DQG1%711DWURRPWHPSHUDWXUHZLWKKLJK
UHPDQHQWSRODUL]DWLRQYDOXHVRIDSSUR[LPDWHO\DQG&PUHVSHFWLYHO\LQGLFDWLQJWKDW
DQLUUHYHUVLEOHSKDVHWUDQVIRUPDWLRQIURPZHDNSRODUWRRUGHUHG)(SKDVHKDGRFFXUUHGXQGHU
DSSOLFDWLRQRIWKHHOHFWULFILHOGGHQRWHGDVWKH15WR)(WUDQVLWLRQ>@)XUWKHUHYLGHQFHFDQ
DOVREHIRXQGIURPWKHDSSHDUDQFHRIWKH-(ORRSVLQWKDWDVLQJOHVZLWFKLQJSHDNLVREVHUYHG
DWWKH)(FRHUFLYHILHOG7KLVW\SHRILUUHYHUVLEOHHOHFWULFILHOGLQGXFHGSKDVHWUDQVIRUPDWLRQZDV
UHSRUWHGSUHYLRXVO\E\:DQJDQG-RZKRREVHUYHGVLPLODUEHKDYLRXULQ1%7.1DQG1%7%7
VROLGVROXWLRQV>@,QFRQWUDVWWKHFRQVWULFWHG3(ORRSVIRUERWK1%711DQG1%7
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@%RWKRIWKHVHFRPSRVLWLRQVVWLOOH[KLELWDUHODWLYHO\KLJKPD[LPXPSRODULVDWLRQa&P 
EXW WKH UHPDQHQW SRODULVDWLRQ YDOXHV DUH UHGXFHG WR DSSUR[LPDWHO\  DQG  & P
UHVSHFWLYHO\,QDGGLWLRQWZRSHDNVDUHSUHVHQWLQWKHVHFWLRQVRIWKH-(ORRSVFRUUHVSRQGLQJ
WRERWK LQFUHDVLQJDQG UHGXFLQJHOHFWULF ILHOG7KLV W\SHRIEHKDYLRXU LVXVXDOO\DWWULEXWHG WR
UHYHUVLEOHWUDQVIRUPDWLRQVEHWZHHQZHDNSRODUDQGPHWDVWDEOHORQJUDQJHRUGHUHG)(SKDVHV
ZLWKWKHIRUZDUGDQGEDFNZDUGWUDQVLWLRQILHOGVEHLQJGHQRWHG75)DQG7)5UHVSHFWLYHO\>@
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G IRU 1%7[11 FHUDPLFV DUH LOOXVWUDWHG E\ WKH UHVXOWV
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RIa8SRQLQFUHDVLQJ11
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6QHJ a  6VDW a  DQG 6PD[ a  )XUWKHU LQFUHPHQWV RI 11 FRQWHQW OHG WR
VLJQLILFDQW UHGXFWLRQV LQ 6PD[ WR  DQG  IRU 1%711 DQG 1%711
UHVSHFWLYHO\6LPLODUEHKDYLRXULVREWDLQHGIURPXQLSRODU6(ORRSH[KLELWLQJ6PD[RIaIRU
FRPSRVLWLRQZLWK[ ,QVXPPDU\WKHKLJKHVW6PD[aZLWKHIIHFWLYHSLH]RHOHFWULFVWUDLQ
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 6PD[(PD[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